Abstract. Some years ago Donovan and Wilson concluded that carrier motion on a single chain of the quasi-one-dimensional polymer crystal PDA-TS exhibits highly unusual features. From the electric field dependence of the peak photocurrent and carrier generation rate they concluded that carriers had an ultra-high mobility and a low-field saturated drift velocity. We report new measurements in the time-dependent domain and at the same time propose a transport model to explain the data. We show that both the tr"decay law and the sublinear field scaling of the effective drift velocity can be associated with one and the same phenomenon: one-dimensional carrier drift in the presence of strongly scattering defects.
Introduction
In their papers on photoconduction in the organic polymer crystal PDA-TS, Donovan and Wilson (1981a, b) demonstrated some fascinating and unusual features associated with the nature of carrier drift in this material.
We should recall that PDA-TS (the polymer bis (p-toluene sulphonate) ester of 2,4-hexadiyne-l,6-diol) is an almost ideal one-dimensional organic semiconductor. The nearest-neighbour C-C spacing along the conjugated carbon chains is about 1.2 A, whereas the lateral nearest chain-chain separation is over 7 A. Some impression of the one-dimensional nature of the material can be gained from the conductivity anisotropy: the macroscopic anisotropy has been measured as lo3 (Siddiqui and Wilson 1979) , which suggests that the true microscopic anisotropy is at least lo5. A variety of experiments have now exhibited the one-dimensional character of charge generation and motion in PDA-TS (Siddiqui and Wilson 1979, Donovan and Wilson 1981a, Seiferheld etall983) .
Among the principal observations of Donovan and Wilson were, first, that the drift velocity of the charge carriers appears to saturate at very low fields, and, secondly, that the charge carriers have an extremely high mobility at low fields. Yet another unusual feature of this polymer crystal was that the time decay of the photo-induced current obeyed a t-" law, with aclose to unity (a-0.8 to 0.95, depending on sample) and this over six decades in time, from 1 ps to 1 s. In this paper we describe a model for defectlimited charge transport in one dimension; this predicts a tfndecay of the photocurrent and a sublinear E'-"dependence of the defect-limited drift velocity on field E. Thus as a+ 1 the effective drift velocity appears to be saturated with field.
0022-3719/84/071247 + 09 $02.25 0 1984 The Institute of Physics This paper successfully applies the theory to current decays in PDA in the range 1 ps to 1 s. The unusual conduction phenomena are fundamentally related to the breakdown to linear response theory in a wide class of 1D transport problems and they are therefore of considerable significance and their explanation of broad generality. It is then further speculated that the saturation of drift velocity observed by Donovan and Wilson after 10 ns is due to the same defect-limited process. However, if that saturation after 10 ns is intrinsic to a one-dimensional chain without defects, then with defects the apparent drift velocity is shown to be saturated at all times.
Experimental data

Rtsumt
In their paper, Donovan and Wilson (1981a) demonstrated the saturation behaviour of the drift velocity by measuring the voltage dependence of the peak photocurrent generated by illuminating PDA-TS crystals with laser pulses of 20 ns and 1 ps duration.
The peak photocurrent I, can be written as
where e denotes the electronic charge, G the photon flux, t L the pulse duration, w and d the sample width and length respectively, y the quantum efficiency for carrier generation, Q, the probability for the carrier pair to avoid geminate recombination and v d the drift velocity. Equation (1) is valid as long as the pulse length is less than t~, the recombination time. It was shown by Donovan and Wilson (1981a) that in good crystals of PDA-TS all the recombination takes place at the electrodes, so that t~ is essentially the time taken by the carriers to reach these 'blocking' contacts. In the presence of defects Vd may become a time-dependent quantity because of 'scattering' through trap and release events. Introducing a free-carrier time to trap, z, equation (1) holds with Vd independent of time fort < t, but dependent on time fort > t.
In order to extract the field dependence of Vd, one has to know the field dependence of Q, in PDA-TS. The probability to escape geminate recombination is according to Onsager's theory strongly dependent on the dimensionality of the system. In a truly one-dimensional system ~1 is proportional to the electric field E down to zero field. In PDA-TS one might expect complications because the material is only quasi-one-dimensional. However, the computer simulationsof Riesetal( 1983) show that the 1D Onsager model describes PDA-TS quite adequately in the field domain of interest to us. A macroscopic conductivity anisotropy of lo3 indicates that the microscopic anisotropy may be >lo5, in which case interchain transport would have no effect on Q, down to fields of order 1 V cm-'. At the other end of the field range, the data of Donovan and Wilson, and more recently those of Seiferheld and Bassler (1983) , suggest a linear field dependence up to fields of the order of ld-104 V cm-', and, at still higher fields, a stronger superlinear dependence presumed to be caused by field ionisation of excitons which are energetically degenerate with band states.
In the absence of recombination centres, the total charge Qm induced on the electrodes in response to carriers created by a single light pulse is given by
(2) Donovan and Wilson (1981b) have measured Q m and have thus been able to deduce y~, and its field dependence. Using the information obtained from Ip(E) and Q m ( E ) they concluded that Vd was saturated down to fields of the order of 1 V cm-', with a value of Vd = 2 X lo3 m s-'. This then suggested a lower bound for the mobility pof the order of 2 X lo5 cm2 V-' s-' , an astonishingly large value for an organic material.
New data
An important missing link in the available data has been the field dependence of the photocurrent in the time domain with the t-"dependence. This has now been measured and the results are shown in figure 1. The most important feature of these data is the scaling property of Iph(t, E ) with E . The quantity Iph(t)/Q)(E) is a measure of the field dependence of vd(t). Within experimental accuracy it follows from figure 1 that v d is field-independent in the t-" time-dependent domain. The time decay of I p h obeys a t-" lawwith a-0.85.
Conduction in PDA-TS
Basic transport model
Let us begin by considering models for the power-law time decay of Iph(t). In principle, these are not difficult to find. A time decay of the form tf"is well known from the work
C7--H
in amorphous systems to be associated with trapping and release of carriers having an exponential trap distribution below the conducting states (Monroe et a1 1981) . Such a decay law can also be obtained from hopping transport in exponential or gaussian tails (Schonherr et af 1981) and indeed also from purely spatial disorder of very low site densities (Movaghar er aZ1983a, McInnes and Butcher 1979) . However, none of these models is applicable to 1D crystalline PDA-TS. In the category of 1D models with disorder, the best candidate is the one studied intensively by Alexander er a1 (1981) . These authors have shown that the diffusivity on a 1D chain with nearest-neighbour hopping rates W distributed according to the function will behave in the low-frequency limit as D a p f f / ( 2 -n ) .
(4)
Assuming linear response theory, the current, and hence the drift velocity, will behave in time as where 7 is the bias field defined by the ratio and for small fields 217 = eEa/kT where a is the lattice spacing.
We have recently shown (Movaghar et a1 1983b) that linear response theory breaks down in the long time domain for the distribution function (3) and that consequently (5) is incorrect. Instead, it is shown in that work that the true current decays as where C((U) is constant. Equation ( 7 ) tells us immediately that the drift velocity is sublinear in field. This equation is in our view the key to the understanding of 1D transport (with disorder) in materials like PDA-TS,
Application to PDA-TS
We shall now argue that this anomalous behaviour ( 7 ) is not particularly associated with the classical hopping model described above but that it has wider implications and must be expected to appear in a much wider class of 1D transport problems. To illustrate this we consider an extension of (3) to a distribution function which is more realistic for PDA-TS. We consider a p( W ) given by This distribution function indicates that we have regular (ordered) chain sections with constant jump rates W O and occasional difficult jumps following the distribution (3) which occur with probability x. The quantities (x, (U) therefore characterise the degree of disorder, with x = 0 implying a perfect chain. In the hopping description, (Y is a measure of the barrier heights. Thus if W = vexp(-E/kT) and p ( E ) = exp( -E/kT,) it follows that (Y = (1 -TIT,) . In its present form, the jump rate distribution actually leads to 'quasi-localisation': i.e., vanishing of the DC conductivity in an infinite system. It is easy however to modify p( W) to allow for a finite DC limit. This can be done by choosing a finite lower cut-off W,,, # 0, where clearly W,,, must be at least W L , the lateral interchain jump frequency. In the time domain of interest l p h ( t ) obeys ( 7 ) so we shall keep the present form for mathematical convenience. Note also, as shown in a previous paper, that if the DC limit is finite then the current scales normally with field but strictly only in the DC limit, so that ( 7 ) will hold for t <Wit,.
The model described by (8) is as yet strictly speaking a classical description of the transport process. We can. however, map it onto a 'delocalised' quantum transport model provided certain conditions are satisfied. Assume that the ordered sections of the chain produce 'delocalised' states extending over a region -a / x where a is a polymer repeat unit which is -5 A. At T = 0 we know that for finite disorder all states in 1D are
Anderson 'localised' with a localisation length roughly given by a / x . Here we are concerned with samples at room temperature so that electron-phonon scattering is limiting carrier transport on the free sections of the chain. If the inelastic scattering length I,, << a / x . the carriers will be drifting on the ordered sections and can therefore be described by a diffusion equation. Thus we simply identify the 'free' mobility ,ui with
and therefore free ourselves from the restrictions imposed by classical hopping on the absolute magnitude of WO. The sections corresponding to difficult jumps (classical barriers) can be associated with defects (bond distortions, impurities. broken bonds, etc), which produce elastic and inelastic scattering processes. The ratio W / W O , where W is distributed according to (3). is then a measure of the probability that the carrier 'tunnels' through to the other side of the defect. In this way it is possible to give the classical hopping model (8) a wider significance, and the long-time dynamics and electric field dependence (for times t > rep the electron-phonon scattering time) should be describable by this mapping.
In practice the situation is of course not quite so simple. Defects and impurities produce both traps and anti-traps. Whereas the latter are well described by the present model, the former lead to a somewhat different dynamics. Here, we are effectively assuming that. as a first approximation, a trap can be modelled by taking an effective symmetric zero-field jump rate. A more realistic model would be a linear chain with disordered asymmetric zero-field jump rates. Rigorous results are not yet available for this situation but work in this direction is in progress. This generalisation will change the quantitative features of the present results but not the important qualitative physical 'anomalies' predicted here. It is easy to convince oneself that trapping and release will lead to similar time and field dependences in one-dimension. The distinction is, however, most evident when we consider the DC current. In the present model the rate-determining process for DC conduction is strictly speaking W -, but if traps are present, into which the particles will necessarily fall, the rate-determining process will be the escape probability from the deepest traps. Since the chains in PDA-TS will necessarily also have traps it is important to realise that the value of W,,, need not be, and will in general not be, identical to W -, but that W,,, s W -,
We remind the reader, therefore. that we believe that our model describes the essential basic physics of the new phenomena associated with 1D motion in the presence of defects, but does not necessarily completely describe the details of the situation in PDA-TS. We have for example no a priori justification for assuming an exponential distribution of effective 'barrier heights': a gaussian distribution may be more realistic. This would give a p( W) of the form
(10) but, in fact, the constant b can be chosen to yield equation (7) with aclose to 1 in the time regime of interest.
Evaluation of the photocurrent
We can now proceed to solve for the photocurrent using (8). The rigorous evaluation of the current in 1D diffusion has been discussed in detail elsewhere (Movaghar et a1 1983b) . Using an electric field dependent scaling ansatz for the probability of finding the particle at a site n at time t given that it has started at site 0 at t = 0, we showed that the Laplace transform of the drift velocity could be written as (11) where go ---+-
and similarly for go, Goo@, q ) = (p + go' + g o ) -is the probability of finding the particle at the same (initial) site in Laplace space, and p is the Laplace variable. The angular brackets denote the configurational average and A ; is a numerical constant which depends on the explicit form of the scaling function. We have also shown that if it is possible to map the averaged system onto an ordered system with effective (with field, against field) transfer rates W+(p, q ) , W-(p, q ) then A ; 1 and (10) is valid for all p. A particularly simple version of an effective-medium theory is the coherent potential approximation (CPA). For the distribution functions (3) and (8), the CPA reproduces the correct power-law dependences on both field and time, exactly up to a trivial numerical factor. We shall therefore use the CPA to compute Vd@. q ) for our model.
Within the effective-medium description, equation (11) takes on the simple form (Pohlmann 1983, Bernasconi and Schneider 1982) :
where W,'(p, q ) are determined from the pair of self-consistent equations
This equation can be solved analytically in thep + 0 limit giving where C(a, x) is a constant of order unity. The full numerical solution of (13) is shown in figure 2 . For high frequencies @/WO > l), the drift velocity is linear in field. Linear response theory is valid and the diffusivity D ( p ) is a meaningful quantity. Below a frequency p c ( q ) , the drift velocity scales sublinearly with field. We can estimate p c ( q ) by noting that the time taken for the carrier to drift to a defect is approximately 
Discussion
The Laplace inversion of (16) yields Equation (17) contains the observed experimental features in PDA-TS. Taking CY = 0.85, we have the observed time decay and a field dependence of the form Vd -
The drift velocity looks as if it is saturated: a factor lo3 in E produces a change in V d of the order of 3. The photocurrent decays as t-"until recombination sets in. In order for this behaviour to be observed in the peak photocurrent in the 2011s domain, we must have t, < 20 ns so that 1/2yWWo < 2 x lo-*.
This can be rewritten using (9) as and gives us a lower bound for the mobility on the ordered sections of the chain. Donovan and Wilson claim a saturated drift velocity down to E -1 Vcm-' and with v d -2 x 10' cm s-' this gives them pf L 2 x 10' cm2 V-' s- '. From (19) this implies that
x must be as small as lo-' and (19) would still be satisfied. This value of defect concentration would mean less than one defect for over lo5 A of chain, and is very close to the estimate given by Donovan and Wilson! This would also make PDA-TS crystals substances with the highest mobility ever observed. On the other hand, from the data and more recent estimates by Seiferheld and Bassler (1983) , one can make a more conservative estimate for the value of the minimum field Emin at which this behaviour sets in.
Taking Emin = 50Vcm-' and V d = 2 X 10'cm s-l, we obtain x -lo-' and pf -lo3 cm2 V-' s-'. This still gives us an ultra-high mobility for an organic material.
The values of pf and x are evidently very much dependent on Emin and the estimate of v d . Turning our attention to the long-time domain of the photocurrent, we notice that Zph(t, E ) scales with field and time as predicted by equation (17) within the experimental accuracy. Indeed from the data it is very difficult to distinguish an E from a linear law. It is also interesting to look at the mean square distance moved by the carrier in a timet, ( R ( t ) ) , and the time to taken to cross half the sample length LO/2. From (17), we immediately obtain so that to is given by Note how sensitive to is to the value of (Y and x . With Vd -2 X 10' cm s-' at E = 1 V cm-', LO = 0.3 cm, (Y = 0.85, a -5 A andx = lo-', we obtain to -lo-* s. With the same numbers, x = would give to -10' s. Changing the defect concentration of the material by, for example, bombardment must have a dramatic effect on the photoconductivity relaxation. Bombardment not only produces recombination centres but must also considerably reduce the effective mobility of the charge carriers. This indeed explains the extraordinarily long relaxation times of the photocurrents in bombarded PDA-TS crystals (Seiferheld et aZ1983) .
It is possible to argue that the field anomaly observed in PDA-TS arises because the intrinsic drift velocity of the carriers is saturated on the ordered sections of carbon chain, as originally conjectured by Donovan and Wilson. Examination of equation (9) for the 'free' mobility indicates that such a situation could be simulated by making W O depend on the field as W O -l/i viB, with p close to 1. However, if the chains were completely ordered it would be difficult to account for the t-" decay of the photocurrent. On the other hand, if we assume there must be disorder, it appears from equation (17) (with / 3 = 1) that the drift velocity is independent of electric field for all times, and for all values of (Y. This possibility is interesting, and consistent with existing data, and a plausible theoretical justification for W O -1/1~1 ansatz has recently been suggested (Wilson 1983 ).
Summary
We have shown that both the anomalous electric field dependence and time decay of the photocurrent in PDA-TS can be explained by a simple transport model. Although we have worked out and discussed the case of PDA-TS using a specific mathematical model, we should stress that the basic physical result is not dependent on this choice. The essential idea is that the saturation of the drift velocity and the tCa decay are both explicable in terms of the presence of obstacles past which the motion of the carriers is restricted, though the very high intrinsic mobility which emerges from the results of Donovan and Wilson (1981a) requires further explanation (Wilson 1983) . The phenomena are peculiar to one-dimensional transport in the presence of traps, defects and barriers, and are simply a consequence of the fact that in 1D the electric field has two counteracting effects on transport: it makes carriers drift faster, but it also makes them reach strongly scattering defects faster. It is the latter which limits the drift velocity at long times. (The experimental situation is quite similar to trapping or recombination in one-dimensional systems (Seiferheld et a1 1983) .)
The experimental phenomena in PDA-TS are then intimately associated with the breakdown of linear response theory in certain classes of transport problems. They are though but one manifestation, and we expect that the basic principles presented here will have a wide range of applications.
